Proton-Proton Fusion and Tritium beta Decay from Lattice Quantum Chromodynamics by Savage, Martin J. et al.
W&M ScholarWorks 
Arts & Sciences Articles Arts and Sciences 
8-10-2017 
Proton-Proton Fusion and Tritium beta Decay from Lattice 
Quantum Chromodynamics 
Martin J. Savage 
Phiala E. Shanahan 
Brian C. Tiburzi 
Michael L. Wagman 
Frank Winter 
See next page for additional authors 
Follow this and additional works at: https://scholarworks.wm.edu/aspubs 
Recommended Citation 
Savage, Martin J.; Shanahan, Phiala E.; Tiburzi, Brian C.; Wagman, Michael L.; Winter, Frank; Beane, Silas 
R.; Chang, Emmanuel; Davoudi, Zohreh; Detmold, William; and Orginos, Kostas, Proton-Proton Fusion and 
Tritium beta Decay from Lattice Quantum Chromodynamics (2017). PHYSICAL REVIEW LETTERS, 119(6). 
10.1103/PhysRevLett.119.062002 
This Article is brought to you for free and open access by the Arts and Sciences at W&M ScholarWorks. It has been 
accepted for inclusion in Arts & Sciences Articles by an authorized administrator of W&M ScholarWorks. For more 
information, please contact scholarworks@wm.edu. 
Authors 
Martin J. Savage, Phiala E. Shanahan, Brian C. Tiburzi, Michael L. Wagman, Frank Winter, Silas R. Beane, 
Emmanuel Chang, Zohreh Davoudi, William Detmold, and Kostas Orginos 
This article is available at W&M ScholarWorks: https://scholarworks.wm.edu/aspubs/154 
Proton-Proton Fusion and Tritium β Decay from Lattice Quantum Chromodynamics
Martin J. Savage,1,2 Phiala E. Shanahan,3,2 Brian C. Tiburzi,4,5,6,2 Michael L. Wagman,7,2 Frank Winter,8
Silas R. Beane,7,2 Emmanuel Chang,1 Zohreh Davoudi,3,2 William Detmold,3,2 and Kostas Orginos9,8
(NPLQCD Collaboration)
1Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1550, USA
2Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA
3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
4Department of Physics, The City College of New York, New York, New York 10031, USA
5Graduate School and University Center, The City University of New York, New York, New York 10016, USA
6RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
7Department of Physics, University of Washington, Box 351560, Seattle, Washington 98195, USA
8Jefferson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
9Department of Physics, College of William and Mary, Williamsburg, Virginia 23187-8795, USA
(Received 21 November 2016; revised manuscript received 26 January 2017; published 10 August 2017)
The nuclear matrix element determining the pp → deþν fusion cross section and the Gamow-Teller
matrix element contributing to tritium β decay are calculated with lattice quantum chromodynamics for the
first time. Using a new implementation of the background field method, these quantities are calculated at the
SU(3) flavor–symmetric value of the quark masses, corresponding to a pion mass of mπ ∼ 806 MeV.
The Gamow-Teller matrix element in tritium is found to be 0.979(03)(10) at these quark masses, which is
within 2σ of the experimental value. Assuming that the short-distance correlated two-nucleon contributions
to the matrix element (meson-exchange currents) depend only mildly on the quark masses, as seen for the
analogousmagnetic interactions, the calculated pp → deþν transitionmatrix element leads to a fusion cross
section at the physical quark masses that is consistent with its currently accepted value. Moreover, the
leading two-nucleon axial counterterm of pionless effective field theory is determined to be L1;A ¼
3.9ð0.2Þð1.0Þð0.4Þð0.9Þ fm3 at a renormalization scale set by the physical pion mass, also agreeing within
the accepted phenomenological range. This work concretely demonstrates that weak transition amplitudes in
few-nucleon systems can be studied directly from the fundamental quark and gluon degrees of freedom and
opens the way for subsequent investigations of many important quantities in nuclear physics.
DOI: 10.1103/PhysRevLett.119.062002
Weak nuclear processes play a central role in many
settings, from the instability of the neutron to the dynamics
of core-collapse supernova. In this work, the results of the
first lattice quantum chromodynamics (LQCD) calculations
of two such processes are presented, namely, the pp →
deþνe fusion process and tritium β decay. The pp → deþν
process is centrally important in astrophysics as it is
primarily responsible for initiating the proton-proton fusion
chain reaction that provides the dominant energy produc-
tion mechanism in stars like the Sun. Significant theoretical
effort has been expended in refining calculations of the
pp→ deþν cross section at the energies relevant to solar
burning, and progress continues to be made with a range of
techniques [1–10], as summarized in Ref. [11]. This
process is related to the νd→ nneþ neutrino-induced
deuteron-breakup reaction [12–14], relevant to the meas-
urement of neutrino oscillations at the Sudbury Neutrino
Observatory [15,16], and to the muon capture reaction
μ−d → nnνμ, which is the focus of current investigation in
the MuSun experiment [17]. The second process studied in
this work, tritium β decay, is a powerful tool for inves-
tigating the weak interactions of the Standard Model and
plays an important role in the search for new physics. The
superallowed process 3H → 3He e−ν is theoretically clean
and is the simplest semileptonic weak decay of a nuclear
system. In contrast to pp fusion, this decay has been very
precisely studied in the laboratory (see Ref. [18] for a
review) and provides important constraints on the antineu-
trino mass [19]. Tritium β decay is also potentially sensitive
to sterile neutrinos [20,21] and to interactions not present in
the Standard Model [21–24]. Although the dominant
contributions to the decay rate are under theoretical control
as this is a superallowed process, the Gamow-Teller (GT)
contribution (axial current) is somewhat more challenging
to address than the Fermi (F) contribution (vector current).
Improved constraints on multibody contributions to the GT
matrix element will translate into reduced uncertainties in
predictions for decay rates of larger nuclei and are a first
step towards understanding the quenching of gA in nuclei
[25–27], a long-standing problem in nuclear theory.
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In this Letter, LQCD is used to study the pp → deþνe
fusion process and the Gamow-Teller matrix element
contributing to tritium β decay for the first time, albeit
at unphysically large values of the light quark masses and
neglecting the effects of isospin breaking and electromag-
netism. This is accomplished using a new algorithm for
implementing background fields, which is superior to
existing methods. Further, the quantities of interest are
extracted at high precision using a refined analysis strategy
made possible by this new approach. For pp → deþνe, the
deviations from the single-nucleon contributions are small
but are well resolved with the new technique. The leading
two-nucleon axial counterterm of pionless effective field
theory (πEFT), L1;A, is determined. The axial coupling of
3H that determines the matrix element for 3H → 3He e−ν¯ in
the isospin limit is found to be slightly smaller than that of
the proton and is consistent with previous phenomenologi-
cal estimates [6].
Background axial fields.—Background field techniques
were first used in LQCD in the pioneering works of
Ref. [28] and Refs. [29,30] in the cases of axial and
magnetic fields, respectively. Significant effort has been
applied to using background electromagnetic fields to
extract magnetic moments and electromagnetic polarizabil-
ities of hadrons [31–35] and nuclei [36–38], as well as the
magnetic transition amplitude for the np → dγ process
[39]. Very recently, axial background fields have been
employed to extract the axial charge of the proton [40,41],
and generalizations to nonzero momentum transfer [42–44]
have been used [45] to access the axial form factor of the
nucleon.
In this work, a new method is used to generate hadronic
correlation functions order by order in the background
field. In the standard approach, correlation functions are
constructed from the contraction of quark propagators that
are modified by the presence of a background field. The
same effect can be achieved by directly constructing
propagators that include explicit current insertions, and
then using such propagators to construct correlation func-
tions. For the quantities studied in this work only a single
insertion of the background axial field is required. To this
end, the compound propagator
SðqÞλq;Γðx;yÞ ¼ SðqÞðx;yÞþ λq
Z
dzSðqÞðx;zÞΓSðqÞðz;yÞ ð1Þ
is constructed for Γ ¼ γ3γ5 and flavors q ¼ fu; dg, where
SðqÞðx; yÞ is the quark propagator of flavor q and λq is a
constant (a similar approach is implemented in Ref. [46] in
a different context). The second term in this expression is
computed using standard sequential source techniques and
the procedure can be repeated to produce propagators with
higher-order couplings. These compound propagators are
sufficient to construct the isovector axial matrix elements
for zero momentum insertion in any hadronic or nuclear
system (isoscalar responses, which also involve insertions
on the sea-quark propagators, are not addressed). This work
focuses on zero momentum–projected correlation functions
CðhÞλu;λdðtÞ ¼
X
x
h0jχhðx; tÞχ†hð0Þj0iλu;λd ; ð2Þ
where h  iλu;λd denotes the expectation value determined
using the compound propagators. The interpolating oper-
ators for hadrons and nuclei, χh, are those previously used
to study the spectroscopy of these systems [47,48]. By
construction, CðhÞλu;λdðtÞ is a polynomial of maximum order
λNuu λ
Nd
d in the field strengths, where NuðdÞ is the number of
up (down) quarks in the particular interpolating operator.
Details of the LQCD calculation.—The calculations
presented below used an ensemble of gauge-field configu-
rations generated with a clover-improved fermion action
[49] and a Lüscher-Weisz gauge action [50]. The ensemble
was generated with Nf ¼ 3 degenerate light-quark fla-
vors with masses tuned to the physical strange quark
mass, producing a pion of mass mπ ∼ 806 MeV, with a
volume of L3 × T ¼ 323 × 48 and a lattice spacing of
a ∼ 0.145 fm (as determined from ϒ spectroscopy).
For these calculations, 437 configurations, with a
spacing of ten trajectories between configurations, were
used. Correlation functions were computed for h ¼
fp; n; d; nn; npð1S0Þ; pp; 3H; 3Heg from propagators gen-
erated from a smeared source and either a smeared (SS) or
point (SP) sink. Sixteen different source locations were
averaged over on each configuration. Compound propa-
gators and correlation functions were calculated at six
different values of the background field strength parameter
λ ¼ f0.05;0.1;0.2g. The axial current renormaliza-
tion factor ZA ¼ 0.867ð43Þ was determined from compu-
tations of the vector current in the proton, noting that
ZA ¼ ZV þOðaÞ and assigning a 5% systematic uncer-
tainty associated with lattice-spacing artifacts (statistical
uncertainties are negligible). A determination that removes
the leading lattice-spacing artifacts leads to ZA ¼
0.8623ð01Þð71Þ [51,52] at a pion mass of mπ ∼ 317 MeV.
The proton axial charge.—The simplest matrix element
of the isovector axial current determines the axial charge of
the proton. The correlation function CðpÞλu;λdðtÞ is at most
quadratic in λu and linear in λd when constructed from the
compound propagators SðuÞλu;γ3γ5ðx; yÞ and S
ðdÞ
λd;γ3γ5
ðx; yÞ, as
the proton has two valence up quarks and one valence down
quark. Consequently, using at least one (two) nonzero
value(s) of λdðuÞ enables extraction of the axial current
matrix element as the linear response by using suitable
polynomial fits. The difference of the up-quark and down-
quark matrix elements can be used to construct the desired
three-point function containing the isovector axial current.
This can then be combined with the zero-field two-point
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function to form a ratio that asymptotes to the desired axial
charge at late times, namely,
RpðtÞ ¼
CðpÞλu;λd¼0ðtÞjOðλuÞ − C
ðpÞ
λu¼0;λdðtÞjOðλdÞ
CðpÞλu¼0;λd¼0ðtÞ
; ð3Þ
where the ratios are spin-weighted averages, and “jOðλqÞ”
extracts the coefficient of λq in the preceding expression.
Then,
R¯pðtÞ≡ Rpðtþ 1Þ − RpðtÞ !t→∞ gAZA ; ð4Þ
where corrections to this relation from backwards propa-
gating states originating from the finite extent of the time
direction are suppressed by at least e−2mπT=3 ∼ 10−7 in the
signal region in the present set of calculations. The
effective-gA plots resulting from the correlator differences
are shown in Fig. 1, along with the result of a combined
constant fit to the SS and SP ratios that extracts gA=ZA
from the late-time asymptote. The extracted value is
gA=ZA ¼ 1.298ð2Þð7Þ, where the first uncertainty is stat-
istical (determined from a bootstrap analysis) and the
second is systematic (arising from choices of fit ranges
in both the field strengths and temporal separation as well
as from differences in analysis techniques). Including
the renormalization factor yields an axial charge of
gA ¼ 1.13ð2Þð7Þ, which is consistent with previous deter-
minations from standard three-point function techniques at
this pion mass [53,54].
The GT matrix element for tritium β decay.—The half-
life of tritium, t1=2, is related to the F and GT matrix
elements by [1]
ð1þ δRÞfV
K=G2V
t1=2 ¼
1
hFi2 þ fA=fVg2AhGTi2
; ð5Þ
where the factors on the left-hand side are known precisely
from theory or experiment. On the right-hand side, fA;V
denote known Fermi functions [55] and hFi and hGTi are
the F and GT reduced matrix elements, respectively.
The Ademollo-Gatto theorem [56] implies hFi ∼ 1, modi-
fied only by second-order isospin breaking and by electro-
magnetic corrections. However, h3Hejq¯γkγ5τþqj3Hi ¼
u¯γkγ5τþugAhGTi (assuming vanishing electron mass and
at vanishing lepton momentum) is less constrained, and its
evaluation is the focus of this section.
By isospin symmetry, the spin-averaged GT matrix
element for 3H → 3He e−ν¯ is related to the axial charge
of the triton, gAð3HÞ, when the light quarks are degenerate
and in the absence of electromagnetism. Analogous to
RpðtÞ in Eq. (3), the ratio R3HðtÞ of correlation functions in
background fields is constructed such that, analogous to
Eq. (4), R¯3HðtÞ → gAð3HÞ=ZA in the large-time limit. The
analysis of these correlation functions is more complex than
for the proton because the triton has four up quarks and five
down quarks and the correlators are thus quartic and quintic
polynomials in λu;d, respectively. Polynomial fits to the
calculated correlation functions are sufficient to extract the
terms linear in λu;d. Results for R¯3HðtÞ are shown in Fig. 2
alongwith a constant fit to the asymptotic value gAð3HÞ=ZA.
Also shown in Fig. 2 is hGTiðtÞ ¼ R¯3HðtÞ=R¯pðtÞ, which is
independent of ZA, and the fit to its asymptotic value
gAð3HÞ=gA. Analyses of these ratios lead to
gAð3HÞ
ZA
¼ 1.272ð6Þð22Þ; gAð
3HÞ
gA
¼ 0.979ð3Þð10Þ; ð6Þ
where the first uncertainties are statistical and the second
arise from systematics as described for gA. The result for
gAð3HÞ=gA is quite close to the precise, experimentally
determined value of hGTi ¼ 0.9511ð13Þ [6] at the physical
quark masses. In the context of πEFT, the short-distance
two-nucleon axial-vector operator, with coefficient L1;A [4],
is expected to give the leading contribution to the difference
of this ratio from unity [57].
The low-energy proton-proton fusion cross section.—
The low-energy cross section for pp → deþν is dictated by
the matrix element
jhd; jjA−k jppij≡ gACη
ffiffiffiffiffiffiffiffi
32π
γ3
s
ΛðpÞδjk; ð7Þ
where AakðxÞ is the axial current with isospin and spin
components a and k, respectively, j is the deuteron spin
index, Cη is the Sommerfeld factor, and γ is the deuteron
binding momentum. The quantityΛðpÞ has been calculated
FIG. 1. Ratios of correlation functions that determine the
unrenormalized isovector axial charge of the proton. The orange
diamonds (blue circles) correspond to the SS (SP) effective
correlator ratios R¯pðtÞ, defined in Eq. (4), and the band
corresponds to a constant fit to the plateau interval of both SS
and SP ratios.
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at threshold in πEFT to N2LO [3] and N4LO [4] and
later with a dibaryon approach [10,57] and in pionful
effective field theory [58]. With the approach of Ref. [4],
resumming all of the effective range contributions
[10,59,60], Λð0Þ at N2LO is related to the renormalization-
scale independent short-distance quantity Lsd-2b1;A that is a
solely two-body contribution, along with scattering param-
eters and Coulomb corrections:
Λð0Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − γρ
p

eχ − γapp½1 − χeχΓð0; χÞ
þ 1
2
γ2app
ffiffiffiffiffiffiffi
r1ρ
p 
−
1
2gA
γapp
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − γρ
p
Lsd-2b1;A : ð8Þ
Here, χ ¼ αMp=γ, where α is the QED fine-structure
constant and Mp is the mass of the proton. The pp
scattering length is app, r1 and ρ are the effective ranges
in the 1S0 and 3S1 channels, respectively, and Γð0; χÞ is the
incomplete gamma function. A determination of Lsd-2b1;A , or
equivalently of the πEFT coupling L1;A, which is deter-
mined from the scale-independent constant
L1;A ¼
1
2gA
1 − γρ
γ
Lsd-2b1;A −
1
2
ffiffiffiffiffiffiffi
r1ρ
p
; ð9Þ
as shown explicitly in Ref. [4], is a goal of the present
LQCD calculations.
A background isovector axial-vector field mixes the
Jz ¼ Iz ¼ 0 components of the 3S1 and 1S0 two-nucleon
channels, enabling the pp-fusion matrix element to be
accessed. Using the new background field construction, the
relevant off-diagonal matrix element Cð
3S1;1S0Þ
λu;λd
ðtÞ is a cubic
polynomial in both λu and λd. In Ref. [39], the analogous
mixing between the two-nucleon channels induced by an
isovector magnetic field was treated by diagonalizing a
(channel-space) matrix of correlators and determining the
splittings between energy eigenvalues. This provided
access to the matrix element dictating np → dγ at low
energies, as was proposed in Ref. [61]. Such a method can
also be used for the axial field, but the improved approach
implemented here makes use of the finite-order polynomial
structure to access the matrix element directly. For a
background field that couples to the u quarks,
Cð
3S1;1S0Þ
λu;λd¼0 ðtÞ ¼ λu
Xt
τ¼0
X
x;y
h0jχ33S1ðx; tÞA
u
3ðy; τÞχ†1S0ð0Þj0i
þ c2λ2u þ c3λ3u; ð10Þ
where χ33S1 (χ1S0) is an interpolating field for the Jz ¼ 0
(Iz ¼ 0) component of the 3S1 (1S0) channel, Au3 ¼ uγ3γ5u,
and c2;3 are irrelevant terms. Calculations of the back-
ground field correlators at three or more values of λu allow
for the extraction of the term that is linear in λu. A similar
procedure yields the term that is linear in λd from back-
ground fields coupling to the d quark. Taking the difference
of the ratios of these terms to the corresponding zero-field
two-point functions determines the transition matrix
element in the finite lattice volume:
R3S1;1S0ðtÞ ¼
Cð
3S1;1S0Þ
λu;λd¼0 ðtÞjOðλuÞ − C
ð3S1;1S0Þ
λu¼0;λd ðtÞjOðλdÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cð
3S1;3S1Þ
λu¼0;λd¼0ðtÞC
ð1S0;1S0Þ
λu¼0;λd¼0ðtÞ
q : ð11Þ
Consequently, the difference between ratios at neighboring
timeslices determines the isovector matrix element:
R3S1;1S0ðtÞ≡ R3S1;1S0ðtþ 1Þ − R3S1;1S0ðtÞ
!t→∞ h
3S1; Jz ¼ 0jA33j1S0; Iz ¼ 0i
ZA
; ð12Þ
in the limit where ΔE ¼ Ed − Epp is small (as is the case
with the quark masses used in this calculation [47]), and
when the contributions from excited states are suppressed.
This quantity, measured with both SS and SP correlators,
is shown in Fig. 3, along with the extracted value of the
axial matrix element h3S1; Jz ¼ 0jA33j1S0; Iz ¼ 0i=ZA ¼
2.568ð5Þð31Þ, where the first uncertainty is statistical
and the second is a systematic encompassing choices of
fit ranges in time, field strength, and variations in analysis
techniques. The latter includes an estimate of the violation
of Wigner’s SU(4) symmetry, contributing an uncertainty
of Oð1=N4cÞ ∼ 1% to the extraction of the matrix element
based on the large Nc-limit. At the pion mass of this study,
the initial and final two-nucleon states are deeply bound
FIG. 2. The ratios of correlation functions that determine the
unrenormalized isovector axial matrix element in 3H (upper
panel), and the ratio of the isovector axial matrix element in
3H to that in the proton (lower panel). The orange diamonds (blue
circles) correspond to the SS (SP) effective correlator ratios and
the bands correspond to constant fits to the asymptotic behavior.
PRL 119, 062002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
11 AUGUST 2017
062002-4
[47] and the finite-volume effects in the matrix elements are
negligible [62,63]. At lighter values of the quark masses,
where the npð1S0Þ system and/or the deuteron is unbound
or only weakly bound, the connection between finite-
volume matrix elements and transition amplitudes requires
the framework developed in Refs. [62,63].
To isolate the two-body contribution, the combination
Lsd-2b1;A ðtÞ=ZA ¼ ½R3S1;1S0ðtÞ − 2RpðtÞ=2 is formed as shown
in the lower panel of Fig. 3. Taking advantage of the near
degeneracy of the 3S1 and 1S0 two-nucleon channels at the
quark masses used in this calculation, it is straightforward
to show that this correlated difference leads directly to the
short-distance two-nucleon quantity Lsd-2b1;A . Fitting a con-
stant to the late-time behavior of this quantity leads to
Lsd-2b1;A
ZA
¼ h
3S1; Jz ¼ 0jA33j1S0; Iz ¼ 0i − 2gA
2ZA
¼ −0.011ð01Þð15Þ; ð13Þ
where the first uncertainty is statistical and the second
encompasses fitting and analysis systematics.
In light of the mild quark-mass dependence of the
analogous short-distance, two-body quantity contributing
to np → dγ [39], Lsd-2b1;A is likely to be largely insensitive to
the pion mass between mπ ∼ 806 MeV and its physical
value. This approximate independence and the associated
systematic uncertainty will need to be refined in subsequent
calculations. Based on this expectation, the result obtained
here at mπ ∼ 806 MeV is used to estimate the value of
Lsd-2b1;A at the physical pion mass by including an additional
50% additive uncertainty. Propagating this uncertainty
through Eq. (8), the threshold value of ΛðpÞ in this system
at the physical quark masses is determined to be
Λð0Þ ¼ 2.659ð2Þð9Þð5Þ, where the three uncertainties are
the statistical uncertainty, the fitting and analysis systematic
uncertainty, and the quark-mass extrapolation systematic
uncertainty, respectively. Uncertainties in the scattering
parameters and other physical mass inputs are also propa-
gated and included in the systematic uncertainty. This result
is remarkably close to the currently accepted, precise
phenomenological value Λð0Þ ¼ 2.65ð1Þ [11] (see also
Ref. [57]). The N2LO relation of Ref. [4], when enhanced
by the summation of the effective ranges to all orders
using the dibaryon field approach [10,59,60], gives
Λð0Þ¼2.62ð1Þþ0.0105ð1ÞL1;A, enabling a determination
of the πEFT coupling,
L1;A ¼ 3.9ð0.2Þð1.0Þð0.4Þð0.9Þ fm3; ð14Þ
at a renormalization scale μ ¼ mπ . The four uncertainties
are the statistical uncertainty, the fitting and analysis
systematic uncertainty, the mass extrapolation systematic
uncertainty, and a power-counting estimate of higher order
corrections in πEFT, respectively. This value is also very
close to previous phenomenological estimates, as summa-
rized in Refs. [11,14].
Summary.—The primary results of this work are the
isovector axial-current matrix elements in two- and three-
nucleon systems calculated directly from the underlying
theory of the strong interactions using lattice QCD (see also
the Supplementary Material [64]). These matrix elements
determine the cross section for the pp fusion process pp →
deþν and the Gamow-Teller contribution to tritium β decay,
3H → 3He e−ν. While the calculations are performed at
unphysical quark masses corresponding to mπ ∼ 806 MeV
and at a single lattice spacing and volume, the mild mass
dependence of the analogous short-distance quantity in the
np → dγ magnetic transition enables an estimate of
the pp → deþν matrix element at the physical values of
the quark masses, and the results are found to agree within
uncertainties with phenomenology. Future LQCD calcu-
lations, including electromagnetism beyond Coulomb
effects, at lighter quark masses with isospin splittings,
larger volumes, and finer lattice spacings, making use of the
new techniques that are introduced here, will enable
extractions of these axial matrix elements with fully
quantified uncertainties and will be important for phenom-
enology, providing increasingly precise values for the pp-
fusion cross section and GT matrix element in tritium
β decay.
Beyond the current study, background axial-field
calculations also allow the extraction of second-order, as
well as momentum-dependent, responses to axial fields.
FIG. 3. Ratios of correlation functions that determine the
unrenormalized isovector axial matrix element in the Jz¼ Iz¼0
coupled two-nucleon system (upper panel), and the unrenormal-
ized difference between the axial matrix element in this channel
and 2gA (lower panel). The orange diamonds (blue circles)
correspond to the SS (SP) effective correlator ratios and the bands
correspond to fits to the asymptotic plateau behavior and include
only the statistical and fitting systematic uncertainties (the
additional 1% uncertainty from Wigner symmetry breaking is
not represented in the bands).
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Second-order responses are important for determining
nuclear ββ-decay matrix elements, both with and without
(for a light Majorana neutrino) the emission of associated
neutrinos [70]. Momentum-dependent axial background
fields will allow the determination of nuclear effects in
neutrino-nucleus scattering. In both cases, LQCD calcu-
lations of these quantities in light nuclei will provide vital
input with which to constrain the nuclear many-body
methods that are used to determine the matrix elements
for these processes in heavy nuclei.
We would like to thank Jiunn-Wei Chen and Peter
Kammel for several interesting discussions. This research
was supported in part by the National Science Foundation
under Grant No. NSF PHY11-25915, and S. R. B., Z. D.,
W. D., M. J. S., P. E. S., B. C. T., and M. L.W. acknowledge
the Kavli Institute for Theoretical Physics for hospitality
during completion of this work. Calculations were per-
formed using computational resources provided by
National Energy Research Supercomputing Center (sup-
ported by U.S. Department of Energy Grant No. DE-AC02-
05CH11231), and by the USQCD Collaboration. This
research used resources of the Oak Ridge Leadership
Computing Facility at the Oak Ridge National
Laboratory, which is supported by the Office of Science
of the U.S. Department of Energy under Contract No. DE-
AC05-00OR22725. The PRACE Research Infrastructure
resources at the Très Grand Centre de Calcul and Barcelona
Supercomputing Center were also used. Parts of the
calculations used the CHROMA software suite [71].
S. R. B was partially supported by National Science
Foundation Continuing Grant No. PHY1206498 and by
the U.S. Department of Energy through Grant No. DE-
SC001347. E. C. was supported in part by the USQCD
SciDAC project, the U.S. Department of Energy through
Grant No. DE-SC00-10337, and by U.S. Department of
Energy Grant No. DE-FG02-00ER41132. Z. D., W. D., and
P. E. S. were partially supported by U.S. Department of
Energy Early Career Research Award DE-SC0010495 and
Grant No. DE-SC0011090. K. O. was partially supported
by the U.S. Department of Energy through Grant No. DE-
FG02-04ER41302 and through Contract No. DE-AC05-
06OR23177 under which JSA operates the Thomas
Jefferson National Accelerator Facility. M. J. S. was sup-
ported by Department of Energy (DOE) Grant No. DE-
FG02-00ER41132, and in part by the USQCD SciDAC
project, and the U.S. Department of Energy through Grant
No. DE-SC00-10337. B. C. T. was supported in part by a
joint City College of New York-RIKEN Brookhaven
Research Center fellowship, and by the U.S. National
Science Foundation, under Grant No. PHY15-15738.
M. L. W. was supported in part by DOE Grant No. DE-
FG02-00ER41132. F.W. was partially supported
through USQCD Scientific Discovery through the
Advanced Computing (SciDAC) project funded by U.S.
Department of Energy, Office of Science, Offices of
Advanced Scientific Computing Research, Nuclear
Physics and High Energy Physics, and by the U.S.
Department of Energy, Office of Science, Office of
Nuclear Physics under Contract No. DE-AC05-
06OR23177.
[1] R. Schiavilla, V. G. J. Stoks, W. Glockle, H. Kamada, A.
Nogga, J. Carlson, R. Machleidt, V. R. Pandharipande, R. B.
Wiringa, A. Kievsky, S. Rosati, and M. Viviani, Phys.
Rev. C 58, 1263 (1998).
[2] X. Kong and F. Ravndal, Nucl. Phys. A656, 421 (1999).
[3] X. Kong and F. Ravndal, Phys. Rev. C 64, 044002 (2001).
[4] M. Butler and J.-W. Chen, Phys. Lett. B 520, 87 (2001).
[5] A. Baroni, L. Girlanda, S. Pastore, R. Schiavilla, and M.
Viviani, Phys. Rev. C 93, 015501 (2016); 93, 049902(E)
(2016).
[6] A. Baroni, L. Girlanda, A. Kievsky, L. E. Marcucci, R.
Schiavilla, and M. Viviani, Phys. Rev. C 94, 024003 (2016).
[7] T.-S. Park, D.-P. Min, and M. Rho, Phys. Rep. 233, 341
(1993).
[8] T.-S. Park, K. Kubodera, D.-P. Min, and M. Rho, Nucl.
Phys. A684, 101 (2001).
[9] T. S. Park, L. E. Marcucci, R. Schiavilla, M. Viviani, A.
Kievsky, S. Rosati, K. Kubodera, D. P. Min, and M. Rho,
Phys. Rev. C 67, 055206 (2003).
[10] S. Ando, J. W. Shin, C. H. Hyun, S. W. Hong, and K.
Kubodera, Phys. Lett. B 668, 187 (2008).
[11] E. G. Adelberger et al., Rev. Mod. Phys. 83, 195 (2011).
[12] M. Butler and J.-W. Chen, Nucl. Phys. A675, 575 (2000).
[13] M. Butler, J.-W. Chen, and X. Kong, Phys. Rev. C 63,
035501 (2001).
[14] M. Butler, J.-W. Chen, and P. Vogel, Phys. Lett. B 549, 26
(2002).
[15] Q. R. Ahmad et al. (SNO), Phys. Rev. Lett. 89, 011301
(2002).
[16] J. W. Chen, K. M. Heeger, and R. G. H. Robertson, Phys.
Rev. C 67, 025801 (2003).
[17] V. A. Andreev et al. (MuSun), arXiv:1004.1754.
[18] E.W. Otten and C. Weinheimer, Rep. Prog. Phys. 71,
086201 (2008).
[19] G. Drexlin, V. Hannen, S. Mertens, and C. Weinheimer,
Adv. High Energy Phys. 2013, 293986 (2013).
[20] S. Mertens, T. Lasserre, S. Groh, G. Drexlin, F. Glück, A.
Huber, A. W. P. Poon, M. Steidl, N. Steinbrink, and C.
Weinheimer, J. Cosmol. Astropart. Phys. 02 (2015) 020.
[21] J. Barry, J. Heeck, and W. Rodejohann, J. High Energy
Phys. 07 (2014) 081.
[22] G. J. Stephenson, T. Goldman, and B. H. J. McKellar, Phys.
Rev. D 62, 093013 (2000).
[23] J. Bonn, K. Eitel, F. Glück, D. Sevilla-Sanchez, and N.
Titov, Phys. Lett. B 703, 310 (2011).
[24] P. O. Ludl and W. Rodejohann, J. High Energy Phys. 06
(2016) 040.
[25] B. Buck and S. M. Perez, Phys. Rev. Lett. 50, 1975 (1983).
[26] D. Krofcheck, E. Sugarbaker, J. Rapaport, D. Wang, J. N.
Bahcall, R. C. Byrd, C. C. Foster, C. D. Goodman, I. J.
VanHeerden, C. Gaarde, J. S. Larsen, D. J. Horen, and T. N.
Taddeucci, Phys. Rev. Lett. 55, 1051 (1985).
PRL 119, 062002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
11 AUGUST 2017
062002-6
[27] W.-T. Chou, E. K. Warburton, and B. A. Brown, Phys.
Rev. C 47, 163 (1993).
[28] F. Fucito, G. Parisi, and S. Petrarca, Phys. Lett. 115B, 148
(1982).
[29] G. Martinelli, G. Parisi, R. Petronzio, and F. Rapuano, Phys.
Lett. 116B, 434 (1982).
[30] C. W. Bernard, T. Draper, K. Olynyk, and M. Rushton,
Phys. Rev. Lett. 49, 1076 (1982).
[31] F. X. Lee, L. Zhou, W. Wilcox, and J. C. Christensen, Phys.
Rev. D 73, 034503 (2006).
[32] W. Detmold, B. C. Tiburzi, and A. Walker-Loud, Phys. Rev.
D 73, 114505 (2006).
[33] W. Detmold, B. C. Tiburzi, and A. Walker-Loud, Phys. Rev.
D 79, 094505 (2009).
[34] W. Detmold, B. C. Tiburzi, and A. Walker-Loud, Phys.
Rev. D 81, 054502 (2010).
[35] A. Parreño, M. J. Savage, B. C. Tiburzi, J. Wilhelm, E.
Chang, W. Detmold, and K. Orginos, Phys. Rev. D 95,
114513 (2017).
[36] S. R. Beane, E. Chang, S. Cohen, W. Detmold, H. W. Lin,
K. Orginos, A. Parreno, M. J. Savage, and B. C. Tiburzi,
Phys. Rev. Lett. 113, 252001 (2014).
[37] E. Chang, W. Detmold, K. Orginos, A. Parreno, M. J.
Savage, B. C. Tiburzi, and S. R. Beane, Phys. Rev. D 92,
114502 (2015).
[38] W. Detmold, K. Orginos, A. Parreño, M. J. Savage, B. C.
Tiburzi, S. R. Beane, and E. Chang, Phys. Rev. Lett. 116,
112301 (2016).
[39] S. R. Beane, E. Chang, W. Detmold, K. Orginos, A. Parreno,
M. J. Savage, and B. C. Tiburzi, Phys. Rev. Lett. 115,
132001 (2015).
[40] A. J. Chambers, R. Horsley, Y. Nakamura, H. Perlt, D.
Pleiter, P. E. L. Rakow, G. Schierholz, A. Schiller, H.
Stuben, R. D. Young, and J. M. Zanotti, Phys. Rev. D 90,
014510 (2014).
[41] A. J. Chambers, R. Horsley, Y. Nakamura, H. Perlt, D.
Pleiter, P. E. L. Rakow, G. Schierholz, A. Schiller, H.
Stuben, R. D. Young, and J. M. Zanotti, Phys. Rev. D 92,
114517 (2015).
[42] W. Detmold, Phys. Rev. D 71, 054506 (2005).
[43] Z. Davoudi and W. Detmold, Phys. Rev. D 92, 074506
(2015).
[44] G. S. Bali and G. Endrodi, Phys. Rev. D 92, 054506 (2015).
[45] A. J. Chambers et al., Proc. Sci., LATTICE2015 (2016)
125.
[46] G. M. de Divitiis, R. Petronzio, and N. Tantalo, Phys. Lett. B
718, 589 (2012).
[47] S. R. Beane, E. Chang, S. D. Cohen, W. Detmold, H. W.
Lin, T. C. Luu, K. Orginos, A. Parreno, M. J. Savage, and A.
Walker-Loud, Phys. Rev. D 87, 034506 (2013).
[48] S. R. Beane, E. Chang, S. D. Cohen, W. Detmold, P.
Junnarkar, H.W. Lin, T. C. Luu, K. Orginos, A. Parreno,
M. J. Savage, and A. Walker-Loud, Phys. Rev. C 88, 024003
(2013).
[49] B. Sheikholeslami and R. Wohlert, Nucl. Phys. B259, 572
(1985).
[50] M. Lüscher and P. Weisz, Commun. Math. Phys. 97, 59
(1985).
[51] J. Green, in Proceedings LATTICE2016, Southampton UK
(unpublished).
[52] B. Yoon et al., Phys. Rev. D 95, 074508 (2017).
[53] B. Yoon, R. Gupta, T. Bhattacharya, M. Engelhardt, J.
Green, B. Joo, H. W. Lin, J. Negele, K. Orginos, A.
Pochinsky, D. Richards, S. Syritsyn, and F. Winter, Phys.
Rev. D 93, 114506 (2016).
[54] H.-W. Lin, arXiv:1112.2435.
[55] J. J. Simpson, Phys. Rev. C 35, 752 (1987).
[56] M. Ademollo and R. Gatto, Phys. Rev. Lett. 13, 264
(1964).
[57] H. De-Leon, L. Platter, and D. Gazit, arXiv:1611.10004.
[58] B. Acharya, B. D. Carlsson, A. Ekstrm, C. Forssn, and L.
Platter, Phys. Lett. B 760, 584 (2016).
[59] S. R. Beane andM. J. Savage, Nucl. Phys.A694, 511 (2001).
[60] D. R. Phillips, G. Rupak, and M. J. Savage, Phys. Lett. B
473, 209 (2000).
[61] W. Detmold and M. J. Savage, Nucl. Phys. A743, 170
(2004).
[62] R. A. Briceño and Z. Davoudi, Phys. Rev. D 88, 094507
(2013).
[63] R. A. Briceño and M. T. Hansen, Phys. Rev. D 94, 013008
(2016).
[64] Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevLett.119.062002 provides additional de-
tails pertaining to the correlation functions, axial current
renormalization, effective masses, uncertainty propagation
in EFT matching, and quark mass dependence and also
includes Refs. [65–69].
[65] S. R. Beane et al., arXiv:1705.09239.
[66] E. Berkowitz, T. Kurth, A. Nicholson, B. Joo, E. Rinaldi, M.
Strother, P. M. Vranas, and A. Walker-Loud, Phys. Lett. B
765, 285 (2017).
[67] B. C. Tiburzi, M. L. Wagman, F. Winter, E. Chang, Z.
Davoudi, W. Detmold, K. Orginos, M. J. Savage, and P. E.
Shanahan, arXiv:1702.02929.
[68] J.-W. Chen, G. Rupak, and M. J. Savage, Nucl. Phys. A653,
386 (1999).
[69] T. Iritani, S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, T. Inoue, N.
Ishii, H. Nemura, and K. Sasaki, arXiv:1703.07210.
[70] P. E. Shanahan et al., following Letter, Phys. Rev. Lett. 119,
062003 (2017).
[71] R. G. Edwards and B. Joo, (SciDAC Collaboration, LHPC
Collaboration, UKQCD Collaboration), Nucl. Phys. B,
Proc. Suppl. 140, 832 (2005).
PRL 119, 062002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
11 AUGUST 2017
062002-7
